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Abstract: Despite the success of monoclonal antibody (mAb) therapies in treating inflammatory bowel disease (IBD), a persistent 
therapeutic ceiling remains. This comprehensive review explores emerging strategies to enhance the efficacy of mAb-based treatments. 
Key among these is the development of bispecific antibodies designed to simultaneously engage two cytokine targets, offering dual 
blockade of inflammatory pathways and the potential for synergistic effects. Co-formulation approaches, comprising two or more 
mAbs within a single therapeutic product, are also examined as a means of broadening immunologic coverage and streamlining 
delivery. Finally, advances in pharmacokinetic optimisation are discussed, including Fc region modifications, polyethylene glycol 
conjugation, albumin fusion, and glycoengineering, all aimed at reducing immunogenicity and extending half-life. Together, these 
strategies represent a path toward next-generation biologics with the potential to minimise current limitations in IBD treatment. 
Keywords: monoclonal antibodies, bispecific antibodies, drug development, immunogenicity, bioengineering, inflammatory bowel 
disease

Introduction
The therapeutic armamentarium for the treatment of inflammatory bowel disease (IBD) has expanded rapidly in recent 
years, driven by a better understanding of the immunopathology that initiates and perpetuates intestinal inflammation. 
Monoclonal antibodies (mAbs) now target a range of immune mechanisms, including cytokines, integrins, and lympho
cyte trafficking pathways.1

However, despite the development of new therapeutic agents there has not been a transformative shift in patient 
outcomes. Most advanced therapies induce clinical remission at 1 year in only 30–40% of patients at one year.2 

Furthermore, response rates decline with successive biologic exposure, likely due to immune adaptation.3,4 This 
persistent therapeutic ceiling is a product of several limitations, including the narrow targeting of single immune 
pathways and pharmacokinetic (PK) challenges, such as immunogenicity.5 While strategies like dose escalation and 
therapeutic drug monitoring have been explored they have yet to meaningfully overcome these barriers. The SONIC 
trial6 showed that combination therapy with IFX and AZA was superior to monotherapy, while the VEGA trial7 

demonstrated that dual targeting with guselkumab (anti–IL-23) and golimumab (anti-TNFα) improved clinical responses 
in moderate-to-severe UC. Both support the potential of advanced combination therapy (ACT) using agents with distinct 
mechanisms of action. However, ACT has not been shown to sufficiently overcome the challenges posed by the 
therapeutic ceiling and there remains a pressing need to refine our use of mAbs to improve remission rates and long- 
term outcomes.

This narrative review examines how existing and novel therapeutic mAbs can be optimised to maximise clinical 
benefit for patients with IBD. To identify relevant articles, a PubMed search was conducted using the keywords 
“monoclonal antibody”, “antibody engineering”, “bispecific antibody”, “antibody pharmacokinetics” and 
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“immunogenicity”. Filters for publication year and language were applied and reference lists of relevant articles were 
also screened to identify additional sources.

Improving Pharmacokinetics
Currently licensed mAbs for the treatment of IBD require relatively frequent administration, either intravenously in 
hospital infusion suites or via subcutaneous injection.8 This presents several challenges which are frequently cited by 
patients as impacting upon quality of life,9 including injection site reactions, adherence difficulties, and time away from 
work or caregiving responsibilities. It also places a burden on healthcare systems due to the significant costs associated 
with infusion facilities or contracts with homecare providers for subcutaneous delivery. Optimising the PK profiles of 
mAbs can help to, amongst other benefits, lengthen the dosing duration and address these issues (Table 1).

Modifying the Fc Region
One of the most effective ways to enhance mAb half-life is through modifications to the fragment crystallisable (Fc) 
region. The Fc region interacts with the neonatal Fc receptor (FcRn) which plays a key role in protecting IgG antibodies 
from lysosomal degradation.10 By engineering the Fc region to increase its affinity for FcRn at acidic pH (but not at 
physiological pH), mAbs can be recycled – the mAbs undergo endocytosis and then migrate to the cellular membrane 
where they are released back into the circulation without undergoing catabolism – more efficiently, thereby prolonging 
their serum half-life.10 This strategy has already been successfully performed in haematology with eculizumab, a mAb 
that was modified to have higher affinity for the FcRn to create ravulizumab,11 a second generation mAb acting on anti- 
complement C5 used for paroxysmal nocturnal haemoglobinuria. These modifications allowed ravulizumab to be 
administered eight weekly instead of two weekly.12

Another strategy is to incorporate specific Fc mutations that are known to extend half-life of IgG antibodies into 
therapeutic mAbs. Examples of these are the YTE (M252Y/S254T/T256E), LS (M428L/N434S) and KF (H433K/N434F) 
mutations that result in a 10 to 12 fold increase in avidity for the FcRn in mice and non-human primates.13 Data from two novel 
mAbs incorporating YTE modifications are shown in Figure 1 and demonstrate the improved serum half-life compared to 
comparative current therapies. However, these mutations can impact upon effector functions such as antibody-dependent 
cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) which anti-TNFα mAbs are known to induce as 
part of their mechanism of action.14 Modifications, such as using compounds other than sialic acid to modify the avidity for the 

Table 1 Strategies Utilised to Optimise Pharmacokinetic Profiles and Reduce Immunogenicity in Monoclonal Antibodies

Strategy Mechanism Benefits Examples Limitations

Fc Region Engineering Incorporate specific Fc mutations eg YTE, LS 
or KF

Reduce lysosomal 
degradation and increase 
half-life

Ravulizumab Negative impact on effector functions

Modification of glycans in the Fc region eg 
removal of fucose

Enhanced effector function Obinutuzumab Possible reduction in half-life

PEGylation Conjugation with a polyethylene glycol 
molecule

Increased half-life, 
improved stability and 
reduced immunogenicity

Certolizumab Steric hindrance can impair antigen 
binding and effector function

Albumin Fusion Fusion of albumin or albumin-binding-domains 
to mAbs

Increased half-life Ozoralizumab Steric hindrance can impair antigen 
binding and effector function

Glycoengineering Use of Glycodelete or Chinese hamster ovary 
cell lines can reduce immunogenic glycan 
incorporation

Enhanced effector function Obinutuzumab Challenges with industrial-scale 
implementation and potential impact 
on effector functions

Humanisation Replacement of all the antibody, except the 
complementarity-determining regions, with 
human sequences

Reduced immunogenicity Adalimumab Ongoing structural changes can still 
lead to anti-drug antibody production

pI Modulation Amino acid modification leads to changes in 
mAb isoelectric point

Improved distribution and 
clearanceγ

None 
currently

Increase risk of self-association and 
changes in viscosity
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FcRn, have been shown to be effective at avoiding this impact on effector functions.15 There is also evidence that excessively 
increasing binding affinity for the FcRn at neutral pH can actually hinder antibody release from the FcRn and paradoxically 
reduce circulation time.16 Fc region engineering thus requires a delicate balance to optimize binding affinity and release 
dynamics and ensure there are no negative downstream effects on mAb efficacy.

Modifying the constituent sugar molecules of the Fc region, known as glycoengineering, is another potential 
technique to improve the PK properties and efficacy of mAbs. The Fc region in most IgG1-isotype mAb is bound to 
two complex oligosaccharides, such as fucose, and removal or blocking of this fucose has previously been shown to 
enhance ADCC activity.21 This has been utilised to develop mAbs such as obinutuzumab, an afucosylated CD20- 
targeting antibody, that demonstrated superior activity over the CD20-targeting antibody rituximab and has received 
FDA-approval for treatment of patients with chronic lymphocytic leukaemia (CLL) and follicular lymphoma.22,23 There 
are no current afucosylated mAbs licenced for IBD or immune mediated inflammatory disorders (IMIDs) but given the 
feasibility of the technology and the demonstrated impact upon NK cells via enhanced ADCC activity, it remains an area 

Figure 1 Examples of improved pharmacokinetic profiles of monoclonal antibodies with modifications to the Fc region. (A) SPY001 - a humanized monoclonal IgG1 
antibody that binds to the same α4β7 epitope as vedolizumab and includes a YTE modification within the Fc region. Human data shows a significantly prolonged half-life 
compared to vedolizumab. SPY001 PK simulation based on PK data as of 03/19/2025 cutoff. Vedolizumab PopPK simulation based on published PK parameters of 
vedolizumab, Rosario, M, et. al. (2015). Data on file. Graph reproduced with permission from Spyre Therapeutics, Inc.17–19 (B) SPY003 - a human monoclonal IgG1 antibody 
that binds to IL-23p19 and includes a YTE modification within the Fc region. Non-human primate data shows a significantly prolonged half-life compared to a synthesized 
comparator antibody with the same primary structure (i.e., sequence) as risankizumab. Graph reproduced with permission from Spyre Therapeutics, Inc.20 

Abbreviations: Fc, Fragment crystallisable; IL-23, Interleukin-23; t1/2, Half-Life; PK, Pharmacokinetic.
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of interest. Interestingly, data from rat models has suggested that glycoengineering may reduce the half-life of mAbs24 

and so further research on the impact on PK of this process is required.

Polyethylene Glycol Conjugation
Polyethylene glycol (PEG) conjugation, or PEGylation, is another strategy employed to improve mAb pharmacokinetics. 
PEGylation increases the hydrodynamic size of antibodies, which reduces renal clearance and proteolytic degradation 
and helps to improve solubility and stability allowing mAbs to be administered subcutaneously.25,26 PEGylation may also 
play a role in immunogenicity, which is discussed in greater detail below.27

There are proven techniques, that allow a variety of different forms of PEG to be conjugated to either a mAb or 
antibody fragments, which have developed over the past four decades.28 Certolizumab is an example of a PEGylated 
mAb licenced in IBD as well as other IMIDs, such as rheumatoid arthritis, ankylosing spondylitis and psoriatic 
arthritis.29 While PEGylation confers pharmacokinetic advantages, it can also interfere with antigen binding and effector 
function due to steric hindrance.30 To address this, modern techniques such as selective acylation, reductive alkylation or 
the use of oxidising agents that allow site-selective PEGylation31 away from the antigen-binding site can be used to 
preserve function whilst optimising PK profiles (Figure 2).

Figure 2 Examples of strategies to optimise monoclonal antibodies. (A) Bispecific antibodies. (B) Humanisation of antibodies to reduce immunogenicity. (C) Conjugation to 
improve pharmacokinetic profiles and reduce immunogenicity. (D) Afucosylation – removal of fucose to enhance effector function. (E) Fc region engineering such as 
incorporating mutations to improve pharmacokinetics. Created in BioRender. Colwill, M. (2025) https://BioRender.com/qcfqk5v. 
Abbreviations: Fab, Fragment-antigen binding; Fc, Fragment Crystallisable; FcRn, Neonatal Fc Receptor; VL, Variable region of light chain; VH, Variable region of heavy 
chain; CH, Constant region of heavy chain; CL, Constant region of light chain; IL-23, Interleukin-23; TNFα, Tumour necrosis factor alpha.
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Albumin Fusion
Fusing mAbs or antibody fragments to albumin or albumin-binding domains (ABDs) is an effective approach to prolong 
systemic exposure. Albumin, a naturally long-lived serum protein, benefits from FcRn-mediated recycling similar to IgG, 
with a half-life of approximately 19–21 days in humans.32 Albumin fusion allows chimeric proteins to harness these PK 
advantages.32 An early example is AlbudAb, which demonstrated albumin-like PK properties, including prolonged half- 
life and reduced renal clearance when assessed using radiolabelled zirconium-98 and serial PET imaging.33

This approach is particularly beneficial for antibody fragments, which are otherwise rapidly cleared via renal 
filtration. Although no albumin-fused mAb fragments are currently licensed for IBD, ozoralizumab is an anti-TNFα 
therapy that has been given regulatory approval in Japan for the treatment of rheumatoid arthritis.34 It is a trivalent 
bispecific antibody (bsAb) fragment that, due to the presence of an anti-human serum albumin heavy chain antibody, has 
a prolonged half-life with clinical trial data demonstrating that it is effective at either four or eight weekly subcutaneous 
administration.35,36

However, fusion can also inadvertently impair antigen binding through steric hindrance which was seen with the 
Designed ankyrin repeat protein (DARPin) G3.37 To mitigate this risk, advanced protein engineering techniques, such as 
flexible linker design or modification of the fusion position should be employed to preserve antigen recognition and 
maintain therapeutic efficacy.38

Engineering the Antibody Structure
Beyond modifications of the Fc region or conjugation, further engineering of the mAb structure offers opportunities to 
enhance PK profiles. This includes optimizing the variable region for improved stability, reducing immunogenicity, and 
modifying charge properties that influence tissue distribution and clearance.

The isoelectric point (pI) is the pH at which an antibody has no net electrical charge. Given that the surface membranes of 
most cells are negatively charged, antibodies need to be positively charged in order to undergo endocytosis.39 Therefore, by 
manipulating the pI of mAbs, usually by lowering it, it is possible to alter both the rate of clearance and distribution of 
a drug.40 However, this change in pI can also increase the risk of self-association and viscosity which can negatively impact 
upon their therapeutic efficacy.41 Whilst previous studies have described the pI of multiple mAbs, including those used in 
IBD such as infliximab and adalimumab,39 this technique has yet to be successfully applied in clinical practice.

Sortase-mediated ligation (SML) is another possible method of mAb structure modification that uses the enzyme 
sortase to attach various moieties to proteins at specific sites.42 This allows the production of antibody-drug conjugates 
(ADC) in a manner that offers positive impacts on the PK of mAbs by providing precise control over the attachment site 
and also allows for modifications to the drug-antibody-ratio.43 Recent advancements in overcoming problems with the 
SML process, such as stability and calcium dependence,44 has led to suggestion that it offers great prospects for 
developing mAbs to in oncological, infections and autoimmune conditions.42

Furthermore, techniques such as the incorporation of unnatural amino acids to create ADCs have been shown to 
promote site specific delivery of mAbs in oncology with multiple therapeutic agents licenced45 and can potentially 
positively impact PK profiles and efficacy.46

Reducing Immunogenicity
Immunogenicity remains one of the greatest challenges facing both current and emerging monoclonal antibody therapies. 
The host immune system can trigger the production of anti-drug antibodies (ADAs) which can result in reduced efficacy, 
altered PK profiles with increased clearance, and lead to hypersensitivity reactions.47 To mitigate these issues, multiple 
strategies have been developed to reduce the immunogenic potential of therapeutic antibodies, focusing on molecular 
design and manufacturing control, in the hope of improving or prolonging the effect of mAbs (Table 1).

Humanization of Antibodies
One of the earliest strategies developed to reduce immunogenicity is antibody humanization. Initial therapeutic mAbs 
were derived from murine sources and contained murine proteins which were recognized as foreign by the host immune 
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system leading to the development of ADAs that neutralized their therapeutic effect.48 Chimeric antibodies, which 
combine murine variable domains with human constant regions, were developed however these still contained 30–40% 
non-human sequence and therefore still elicited significant immune responses.49

To address this, the process of humanisation was developed which involves retaining only the complementarity- 
determining regions (CDRs) – ie short segments within the variable portions of the mAb that bind to the antigen – and 
replacing the rest of the antibody structure with human sequences reducing the non-human content of mAbs to under 
10%.50 This is achieved through genetic engineering using a hybridoma of murine B cells, which allows for a stable 
source of mAbs, and involves isolating and cloning the mouse DNA encoding the mAb. The DNA for the constant region 
of the mouse antibody is then replaced with human DNA sequence whilst the CDR is left intact throughout this process. 
The human/murine hybrid gene is then inserted into a second hybridoma for production of the humanised mAb.51,52 An 
example relevant to IBD is adalimumab, a fully human anti-TNFα mAb, which demonstrated a low ADA incidence 
compared to some other mAbs, such as infliximab.53 However, ADA production and immunogenic loss of response is 
still seen, possibly due to the mAb undergoing structural changes or containing novel epitopes introduced during 
engineering.54 Therefore whilst humanisation significantly reduces the immunogenic potential, it does not eradicate it 
completely and treatment with mAbs will still result in ADA production to varying degrees (see Table 1 in Harris & 
Cohen 2024, BioDrugs).55 Given this, other strategies are required to reduce immunogenicity and further examples are 
discussed below.

Post Translation Modification
Glycoengineering, a post-translational modification technique involving the attachment of sugar moieties to proteins 
including therapeutic mAbs, was discussed earlier with regards to improving the PK profile of mAbs but it also has a role 
in reducing immunogenicity.

In order to initiate effector functions, IgG molecules – the structural class that makes up the majority of mAbs – are 
N-glycosylated at the conserved asparagine position, Asn297, in the Fc region.56 Due to the use of murine cell lines for 
expression, non-human glycan structures, such as galactose-α-1,3-galactose, can be inadvertently incorporated into mAbs 
and this can lead to the generation of ADAs and hypersensitivity reactions against unexpected targets.57 A cautionary 
example is cetuximab, a chimeric mouse-human IgG1 mAb against epidermal growth factor, which was found to have 
caused anaphylaxis due to the production of IgE to galactose-α-1,3-galactose.58

To reduce this risk and the immunogenicity of mAbs, newer techniques using human or similar cell lines, such 
Chinese hamster ovary cells (CHO) where glycosylation patterns are very similar to humans, have been developed to 
avoid immunogenic glycan incorporation.59 Additionally glycoengineering technologies like GlycoDelete also allow for 
precise control of glycan structures which can help to minimise immunogenic potential whilst enhancing PK profiles and 
potentially therapeutic efficacy.60,61

PEGylation, described earlier, had been suggested to reduce immunogenicity of proteins as early as the 1970s.62,63 

While there may be PK benefits, the impact of PEGylation on the immunogenicity of mAbs is less clear and work using 
mouse models has found that compounds that undergo the same PEGylation process can produce varying levels of 
immunogenicity.27 Therefore, whilst it is a well-understood and commonly used technique, the impact of PEGylation on 
reducing immunogenicity of novel mAbs must be assessed on an individual basis.

Fc Engineering and Aggregation Prevention
The Fc region of mAb, while critical for immune effector function, also presents a site of potential immunogenicity if not 
carefully managed. Fc engineering can reduce this risk by minimizing unwanted immune activation or aggregation.55

Mutations or modifications to the Fc region – such as the IgG1 variant L234A/L235A (LALA) – can prevent 
interaction with Fcγ receptors (FcγR) and complement proteins, thereby reducing immunogenicity.64 These Fc mutations 
can also silence effector function and are therefore especially useful in therapeutic contexts where this is desirable, such 
as blocking cytokines or receptors. All three of vedolizumab, mirikizumab and risankizumab are licenced for IBD and 
contain such Fc modifications and demonstrate the plausibility of this technology for real-world practice.65 There are 
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several other types of mutations or modifications, such as the STR mutation in the CH2 domain of the Fc, that offer 
promise in Fc engineering of mAbs to reduce immunogenic potential.65

Another major source of the immunogenicity of mAbs is protein aggregation. Aggregation has been shown to 
augment antigen-presentation and enhance phagocytosis and subsequent serum clearance of mAbs either by enhancing 
binding to FcγRs or through activation of complement pathways via Fc regions.66 Aggregated mAbs also undergo 
structural changes that may lead to immune responses that target novel and unintended epitopes, resulting from either 
chemical modification or epitopes that were unavailable prior to aggregation because they were hidden by a native fold, 
exacerbating immunogenicity and clearance.67

Conformation and colloidal stability have been shown to be crucial factors in preventing aggregation.68,69 Achieving 
greater stability can be done through changes during the manufacturing and formulation process, for example avoiding 
thermal stress by modifying the process of fast-freezing, required during lyophilisation, thereby reducing aggregation 
from cold denaturation.70 Two techniques discussed earlier, PEGylation and glycosylation, have also been shown to 
reduce aggregation. PEGylation appears to protect against aggregation from thermal stress or pH71 and glycosylation has 
been shown to protect against heat induced aggregation in the example of the protein alpha-chymotripsin.72 However, 
both these techniques currently face challenges with large scale manufacturing and their real-world benefit with regards 
to preventing aggregation of mAbs is currently unclear.66 An alternative approach, which has already been demonstrated 
to be successful and feasible on a large scale, is in the example of adalimumab where modifications were made by adding 
glycosylation sites into the Fab regions rather than modification of existing glycosylation sites or PEGylation. This 
process enhanced the melting temperature of the Fab and reduced aggregation and subsequent immunogenicity.73

Optimizing the Manufacturing Process
Beyond changes to the molecular structure, manufacturing quality plays a crucial role in the immunogenicity of mAbs 
because even fully human, well-engineered antibodies can elicit immune responses if manufacturing introduces impu
rities, contaminants, or structural variants.74 Variability in a variety of factors can result in altered immunogenicity and 
ensuring process consistency along with rigorous control of both upstream and downstream processing steps is essential.

Host cell proteins (HCP), essentially impurities that originate from the host cells used during manufacturing, can 
often co-purify with mAb at trace amounts.75 HCPs can contribute to immunogenicity, either directly or as adjuvants, and 
this can impact upon the efficacy of mAbs.55 An example is phospholipase B-like 2 (PLBL2) which was found to be an 
HCP impurity in a preparation of lebrikizumab, use to treat asthma, and derived from CHO cells. More than 90% 
developed of participants developed an immune response to PLBL2 in trials impacting upon the efficacy of the drug.76 

Several techniques are available to remove HCPs77 such as caprylic acid precipitation which has been shown to be 
effective at removing HCP impurities without impacting the efficacy of mAbs.78 More recently, the use of activated 
carbon membranes, essentially working as an advanced filtration system, has been shown to be effective at removing 
these impurities whilst also improving the economy and efficiency of HCP removal.79

Chemical degradations that can occur during manufacture can introduce further impurities. Processes such as 
oxidation, deamidation, and isomerization, are all known to increase immune activation potential toward mAbs.80 

Thus, quality control measures should include an analysis of the propensity to undergo chemical alteration events and 
ideally offer real-time identification of these alterations so that filtration and purification techniques can be applied to 
ensure homogeneous production of mAbs with minimal immunogenic potential.

The presence of T and B cell epitopes can also contribute to the immunogenicity of mAbs and novel epitopes can 
inadvertently arise during manufacture.55,81 Linear epitopes, fragments of the amino acid sequence of a mAb, can be 
recognized by both T and B cells whereas conformational epitopes, formed by amino-acids that are close in three 
dimensional structure but not necessarily contiguous in the primary sequence, can only be recognised by B cells.82 

These epitopes can be presented by class II human leucocyte antigens, recognised and then bound by T or B cell 
receptors to initiate CD4+ cells resulting in ADA production.82 Reducing the formation of these epitopes during 
manufacture remains a challenge but there is evidence that the use of artificial-intelligence (AI) methods may be able 
to aid in the design of mAbs with reduced epitope formation.83 AI can also be used to improve analysis of novel mAbs 

Clinical and Experimental Gastroenterology 2025:18                                                                           https://doi.org/10.2147/CEG.S521893                                                                                                                                                                                                                                                                                                                                                                                                    239

Colwill et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



and predict potential epitopes that may form via tools such as the Immune epitope database analysis resource (IEDB- 
AR).84

Other advanced bioprocessing technologies can assist with reducing immunogenicity by enhancing the manufacturing 
process. Machine learning algorithms such as NetMHCIIpan 4.0, which is able to predict peptide-HLA binding affinities, 
can assist in the identification of immunogenic hotspots within mAb sequences.85 These models can be combined with 
mass spectrometry analysis in automated workflows to monitor production and identify critical parameters in real-time 
that impact upon immunogenicity.86

Dual Cytokine Targeting: Synergistic Modulation
The immunopathogenesis of IBD involves a complex interplay between innate and adaptive immune responses, 
microbial dysbiosis, epithelial barrier dysfunction, and genetic predisposition.87 Cytokines such as TNFα, interleukin 
(IL)-12, IL-23, IL-6, IL-17, TNF-like ligand 1A (TL1A), and interferons are dynamically regulated during disease 
progression and in response to therapy.88 Cytokine networks exhibit considerable redundancy and compensation, such 
that inhibiting one pathway may lead to upregulation of others.89 This functional overlap is thought to contribute to the 
therapeutic ceiling observed with current biologic treatments, as targeting individual cytokines often fails to overcome 
this complexity.88 Therefore, therapeutic approaches that simultaneously target multiple components of the inflammatory 
cascade are more likely to overcome this barrier and achieve improved clinical outcomes.

Combination therapy has previously been shown to be efficacious. The SONIC trial demonstrated enhanced clinical 
outcomes by combining an immunomodulator with an anti-TNFα agent6 and more recently both the VEGA7 and 
EXPLORER90 trials have supported the greater efficacy of ACT. However, the use of multiple agents raises concerns 
regarding safety, tolerability, and cost,91 challenges that could potentially be addressed by a single agent capable of 
simultaneously targeting multiple inflammatory pathways.

Bispecific Antibodies
BsAbs are engineered molecules that are designed to recognise two distinct epitopes or antigens.92 Although they have 
been a subject of research interest for over 30 years, first-generation bsAbs failed to provide a significant clinical impact. 
Their development has been hampered by unique design challenges due to the complexity of assembling two different 
antigen-binding sites into one molecule and the resulting structural asymmetry that can interfere with function.93 

However, advances in recombinant DNA technology have led to significant improvements in bsAb design. Techniques 
such as the “knobs-into-holes” mutations, common light chain usage, and controlled fragment antigen binding (Fab)-arm 
exchange have significantly improved the structural integrity and functionality of bsAbs.94 This has reinvigorated interest 
in bsAbs as therapeutic agents.

BsAbs can be broadly broken down into three structural classes:95 antibody fragments or scaffold proteins fused to an 
antibody Fc region or human albumin solution, antibody fragments which lack an Fc domain, or fully IgG-like bsAbs. 
Each class offers distinct advantages and limitations, for example, IgG-like bsAbs generally exhibit prolonged half-life, 
while smaller formats such as bispecific T-cell engagers (BiTEs) provide enhanced tissue penetration.96 One of the 
earliest clinically approved examples is blinatumomab, a BiTE antibody used for the treatment of acute lymphoblastic 
leukaemia.97 It is produced using recombinant DNA technology in Escherichia Coli (E. coli) expression systems and 
composed of two single-chain variable fragments (scFvs) connected by a flexible linker and is expressed in the form of 
inclusion bodies within bacterial cells. These inclusion bodies are isolated, solubilized, and then subjected to refolding 
processes under controlled redox conditions to ensure correct disulfide bond formation and proper folding. Following 
refolding, the protein undergoes purification using chromatographic techniques such as size-exclusion chromatography.98 

While blinatumomab demonstrates superior tumour penetration, its bacterial origin necessitates rigorous quality control 
to ensure structural integrity, functional stability, and minimal endotoxin levels to avoid a theoretical infectious risk to 
patients.99

BsAbs can be further modified during manufacture to optimise pharmacological properties and improve efficacy. Key 
areas of focus include improving expression yield, stability, and manufacturability, while addressing issues like chain 
mispairing and aggregation which have historically hampered clinical efficacy.100
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Several bsAbs targeting various cytokines are currently in development (Table 2). Dual targeting of TNFα and IL-23 
is a logical strategy as it has previously been demonstrated that in patients who do not respond to anti-TNFα therapy, 
intestinal TNF-R2+IL-23R+CD4+ T cells continue to be activated by IL-23 secreted from CD14+ macrophages – despite 
inhibition of TNFα – and they continue to promote pro-inflammatory effects via the IL-23R/Signal transducer and 
activation of transcription (STAT) 3 pathway.101 Consequently, co-inhibition of IL-23 and TNFα is hypothesised to yield 
superior therapeutic outcomes. Two novel bsAbs targeting TNFα and IL-23 are currently in development, with Phase 2 
trials anticipated.102,103

Dual-targeting TL1A and IL-23 is another combination of interest. TL1A and its functional receptor DR3 play key 
roles in IBD and other IMIDs and several TL1A inhibitors are being investigated in clinical trials with promising early 
data.104,105 In vitro and in vivo studies have shown that TL1A enhances both innate and adaptive immune responses 
through actions on T cells, NK cells and innate lymphoid cells.105,106 In IBD, TL1A and IL-23 are over-expressed in 
inflamed colonic mucosa compared to healthy controls107 and in vitro studies have also shown that TL1A and IL-23 act 
synergistically to amplify mucosal inflammation through several mechanisms including induction of Th1 and Th17 
immune responses.108 A bsAb targeting IL-23 and TL1A has been developed and early data from in vitro and in vivo 
studies have demonstrated a synergistic therapeutic effect of co-targeting these two cytokines.109

Further bsAbs targeting TL1A are in the pipeline. HXN1002 targets both TL1A and α4β7 integrin, which mediates 
the homing of lymphocytes to gut-associated lymphoid tissue via binding to MAdCAM-1 on endothelial cells.110 

Preclinical studies presented by SPYRE Therapeutics in 2025 showed enhanced efficacy of dual inhibition in murine 

Table 2 Bispecific Monoclonal Antibodies Currently Under Development for Use in IBD and IMIDs

Molecule Targets Indication Trial Phase Key Findings

V56B2 TNFα/IL-23p19 IBD Pre-clinical Ex vivo colonic biopsies from UC mice model 
showed reduction in phosphorylation of signal 

proteins associated with IBD and inflammation.

SOR102 TNFα/IL-23p19 IBD Phase 1b Greater improvements in Mayo score and modified 

Mayo score clinical response in BD vs OD daily 

dosing regime. Overall safe and well tolerated.

HXN1002 α4β7/TL1A IBD Pre-clinical Comparable binding activity compared to parent 

mAbs. 
Enhanced α4β7 internalization and degradation 

compared to parent mAbs in in vitro and in vivo 

animal models.

PT-101 IL-6/IL-17A UC Phase 1b Completed, results pending.

HXN1003 TL1A/IL-23-19 IBD / Dermatitis / 

Psoriasis

Pre-clinical Comparable binding activity compared to parent 

mAbs. 

Synergistic therapeutic effects in in vitro and in vivo 
animal models.

PRV-3279 CD32B/CD79 Systemic Lupus 
Erythematosus

Phase 1 (Phase 2 ongoing) The bsAb inhibited B cell function without depletion 
in healthy volunteers. No concerning safety signals.

ABT-981 
(Lutikizumab)

IL-1α/IL-1β Hidradenitis 
Suppurativa

Phase 2 (Phase 3 ongoing) 300mg every other week showed higher response 
rates (p=0.027) compared to placebo. No significant 

different in treatment-emergent adverse events 

compared to placebo.

XmAb5871 
Obexelimab

CD19/FcγRIIb IgG4 Disease Phase 2 (Phase 3 ongoing) 80% (12/15) achieved primary endpoint of decrease 

of 2 or more from baseline in IgG4-related disease 
responder index. No concerning safety signals.
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colitis models, and a Phase 2 study evaluating the extended half-life antibodies as single agents and pairwise combina
tions that started in 2025.111

Other cytokine pairs of interest include IL-6 and IL-17A, both of which contribute to inflammation in several IMIDs 
and appear to act synergistically in a positive feedback loop.112 Preclinical data suggest that dual-inhibition of these two 
cytokines with the bsAb PT-101 could yield enhanced efficacy compared to each cytokine alone and phase 1b trials have 
been completed in patients with UC with the results awaited.113 Other novel bsAbs, such as FL-BsAb1/17 which inhibits 
both IL-1β and IL-17A114 or ABT-122, which inhibits both IL-17 and TNFα,115 have previously shown promise in 
animal models, though neither remains in active development.

The novel agents described currently lack long term safety data and there are possible concerns with regards to 
infection, liver injury and malignancy.91,116,117 Data from oncology has also demonstrated that the dual targeting 
mechanism of bsAbs can cause cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity 
syndrome (ICANS) in 1–8% of patients.118 CRS can present with fever, hypotension and multi-organ failure and be 
challenging to distinguish from sepsis119 whilst ICANS can cause headaches, confusion, seizures and coma.120 Large 
scale clinical trials and long term data will be required to understand the risks of bsAbs in patients with IBD.

Beyond mAbs, dual inhibition of Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) has also emerged as 
a promising strategy.121 This approach may offer synergistic therapeutic effects while reducing side effects due to the 
more restricted cytokine profile mediated by TYK2.122 A phase 2b study of brepocitinib, a dual JAK1/TYK2 inhibitor, in 
ulcerative colitis was reported in 2023 with positive results compared to placebo for inducing remission without any short 
term safety concerns.123 Further trial data are awaited.

Co-Formulation
In addition to careful target selection and bsAb optimisation, co-formulation represents an emerging strategy of interest. 
Although often used interchangeably with co-administration, co-formulation specifically refers to the delivery of a single 
formulation containing two or more distinct therapeutic agents.124 Key advantages of co-formulations include synergistic 
efficacy by co-targeting distinct inflammatory pathways, eg TNFα and IL-23, in a fixed ratio for example a 1:1 or 3:1 
molar ratio of anti-TNFα to anti-IL-23 mAbs.125 The optimum ratios for differing combinations remain undefined; 
however, this also presents an opportunity for more personalised treatments by tailoring co-formulation ratios based on 
individual patient biomarkers, disease phenotype and drug history. Moreover, co-formulation can also improve patient 
compliance by reducing pill or infusion burden, a factor known to improve treatment durability and clinical efficacy.126

The co-formulation of mAbs also presents significant formulation and analytical challenges due to the complex 
interactions between multiple protein therapeutics in a single solution. Unlike single-agent products, co-formulated 
biologics must accommodate different stability profiles, which can lead to non-native interactions and heterogeneous 
aggregation.127 Proteins often require specific pH levels, excipients, and ionic strengths to remain stable, but combining 
them necessitates compromised formulations that may destabilize individual components.128

Most mAbs used in IBD are currently administered subcutaneously, adding an additional layer of complexity. Co- 
formulated products may require high protein concentrations, up to 300 mg/mL, leading to increased viscosity, colloidal 
instability, and a greater risk of aggregation, all of which can limit their suitability for subcutaneous delivery.129 

Furthermore, if fixed but varying ratios of mAbs are needed within a single product, this introduces additional 
manufacturing complexity and quality control demands.

External factors such as freeze-drying, agitation, and temperature fluctuations can adversely impact product quality, 
necessitating robust analytical methods and stringent quality control for co-formulated mAbs.125 However, techniques 
such as size-exclusion chromatography, which is traditionally used to analyse degradation products of mAbs, cannot 
necessarily distinguish between two co-formulated mAbs and this poses analytical challenges which require novel 
solutions to ensure accurate and safe production.127 Novel co-formulations would also likely necessitate new randomised 
control trials in order to obtain regulatory approval, even if the individual mAbs are already licenced for IBD and this 
adds further time and financial burden to development pipelines.

Despite these challenges, co-formulated mAbs are already in clinical use, particularly in oncology. One example is 
Phesgo, a fixed-dose combination of trastuzumab and pertuzumab used in the treatment of HER2-positive breast 
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cancer.130 These two mAbs work synergistically to disrupt signalling pathways which would otherwise allow survival of 
neoplastic cells.131 During its development, modifications were made to the formulation through the addition of 
vorhyaluronidase alfa and a histidine buffer to address concerns regarding the stability of the co-formulation which 
allowed subcutaneous administration.130 Another example is Opdualag, which contains nivolumab and relatlimab-rmbw 
and is used for the treatment of unresectable or metastatic melanoma.132 This formulation incorporates a histidine buffer, 
sucrose, and pentetic acid to ensure stability, safety, and efficacy.124 These examples demonstrate that the challenges of 
co-formulation can be overcome through the use of computer modelling and bioengineering to ensure an effective and 
safe therapeutic agent. A glossary of terms used in this manuscript can be found in Table 3.

Conclusions
Monoclonal antibodies will remain a cornerstone of future IBD management. However, overcoming the therapeutic 
ceiling will require close collaboration among pharmaceutical scientists, bioengineers, industry partners, patients and 
clinicians. Harnessing cutting-edge technologies, including advanced protein engineering and machine learning, will be 
essential to designing novel therapies with enhanced precision and performance. Next-generation agents need to better 
target the cytokine networks driving IBD pathogenesis, while also demonstrating improved pharmacokinetic profiles and 
reduced immunogenicity. When paired with the rapidly advancing field of personalised IBD care, such therapies offer the 
potential to make substantial progress toward true disease clearance.133

Table 3 Glossary Table

Term Definition

Fragment Crystallisable The “tail” region of an antibody that interacts with cell surface receptors called Fc receptors and some 
proteins of the complement system.

Fragment Antigen-Binding Region The region of an antibody responsible for binding to antigens.

Neonatal Fc Receptor An IgG receptor that binds serum IgG and protects the IgG from degradation inside the lysosomes.

Single Chain Variable Fragments A recombinant antibody fragment that retains the antigen-binding capacity of a full-length antibody but 

is smaller allowing better tissue penetration and easier manufacturing.

Linear Epitopes A portion of an antigen that is recognised by antibodies and is made up of a continuous sequence of 

amino acids.

Conformational Epitopes An antigen that is built from non-contiguous parts of the amino acid sequence through folding of the 

polypeptide chain in the native protein.

Aggregation The self-association of individual mAbs to form larger oligomers

PEGylation The process of attaching polyethylene glycol polymer chains to molecules and macrostructures, such as 

a monoclonal antibody

Glycosylation A post-translational modification of proteins where glycans (sugars) are covalently attached to 

a macromolecule such as a monoclonal antibody.

Albumin Fusion The attachment of a macromolecule to human albumin

Steric Hindrance The slowing or prevention of a chemical reaction due to physical obstruction caused by the size and 
position of other atoms or groups within a molecule.

Antibody-drug conjugates (ADC) Biopharmaceutical products in which a monoclonal antibody is linked to a small molecule drug with 
a stable linker.

Complementarity determining 
region (CDR)

The six hypervariable loops in an immunoglobulin molecule that form the three-dimensional cavity 
where an epitope binds to the antibody molecule. 

Antibody-Dependent Cellular 
Cytotoxicity (ADCC)

A mechanism of cell-mediated immune defence whereby an effector cell of the immune system kills 
a target cell, whose membrane-surface antigens have been bound by specific antibodies.
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Abbreviations
ABD, Albumin Binding Domains; ACT, Advanced Combination Therapy; ADA, Anti-drug Antibody; ADC, Antibody- 
Drug Conjugates; ADCC, Antibody-Dependent Cellular Cytotoxicity; bsAb, Bispecific Antibody; CDR, 
Complementarity Determining Region; CHO, Chinese Hamster Ovary Cells; Fab, Fragment antigen-binding; Fc, 
Fragment Crystallisable; FcRn, Neonatal Fc Receptor; IBD, Inflammatory bowel disease; IL – Interleukin; IMID, 
Immune Mediates Inflammatory Disorder; JAK, Janus Kinase; mAb, Monoclonal Antibody; NK, Natural Killer Cells; 
PEG, Polyethlyene Glycol; PK, Pharmacokinetic; scFvs, Single-chain variable fragments; SML, Sortase-mediated 
ligation; STAT, Signal transducer and activator of transcriptase proteins; TL1A, TNF-like ligand 1 A; TNF, Tumour 
Necrosis Factor.

Consent for Publication
All authors provide consent for publication of all materials contained within this review article including, but not limited 
to, images and tables.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This project was supported by an unrestricted grant from Spyre Therapeutics, Inc., provided through Firmad Onlus. 
Spyre have indicated there is no grant ID.

Disclosure
MC has received speaker fees from Dr Falk and Takeda. He has served as an advisory board member for Dr Falk and has 
received travel grants from Pfizer, Celltrion, Ferring and Dr Falk. SH has served as a speaker, a consultant, and/or an 
advisory board member for Pfizer, Janssen, AbbVie, Lilly, Banook, and Takeda, and has received travel grants from 
Ferring and Pharmacosmos. SD has served as a speaker, consultant, and advisory board member for Schering-Plough, 
AbbVie, Actelion, Alphawasserman, AstraZeneca, Cellerix, Cosmo Pharmaceuticals, Ferring, Genentech, Grunenthal, 
Johnson and Johnson, Millenium Takeda, MSD, Nikkiso Europe GmbH, Novo Nordisk, Nycomed, Pfizer, 
Pharmacosmos, UCB Pharma and Vifor. LPB reports consulting fees from Abbvie, Abivax, Adacyte, Alimentiv, 
Amgen, Applied Molecular Transport, Arena, Banook, Biogen, BMS, Celltrion, Connect Biopharm, Cytoki Pharma, 
Enthera, Ferring, Fresenius Kabi, Galapagos, Genentech, Gilead, Gossamer Bio, GSK, IAC Image Analysis, Index 
Pharmaceuticals, Inotrem, Janssen, Lilly, Medac, Mopac, Morphic, MSD, Nordic Pharma, Novartis, Oncodesign 
Precision Medicine, ONO Pharma, OSE Immunotherapeuthics, Pandion Therapeuthics, Par’ Immune, Pfizer, 
Prometheus, Protagonist, Roche, Samsung, Sandoz, Sanofi, Satisfay, Takeda, Telavant, Theravance, Thermo Fischer, 
Tigenix, Tillots, Viatris, Vectivbio, Ventyx, Ysopia. Grant support from Celltrion, Fresenius Kabi, Medac, MSD, Takeda. 
Lecture fees from Abbvie, Alfasigma, Amgen, Arena, Biogen, Celltrion, Ferring, Galapagos, Genentech, Gilead, Janssen, 
Lilly, Kern Pharma, Medac, MSD, Nordic Pharma, Pfizer, Sandoz, Takeda, Tillots, Viatris. Support travel from Abbvie, 
Alfasigma, Amgen, Celltrion, Connect Biopharm, Ferring, Galapagos, Genentech, Gilead, Gossamer Bio, Janssen, Lilly, 
Medac, Morphic, MSD, Pfizer, Sandoz, Takeda, Thermo Fischer, Tillots. The authors report no other conflicts of interest 
in this work.

References
1. Sequier L, Caron B, Honap S, et al. Treatment sequencing in inflammatory bowel disease: towards clinical precision medicine. Best Pract Res Clin 

Gastroenterol. 2025:101994. doi:10.1016/j.bpg.2025.101994.

https://doi.org/10.2147/CEG.S521893                                                                                                                                                                                                                                                                                                                                                                                                                                    Clinical and Experimental Gastroenterology 2025:18 244

Colwill et al                                                                                                                                                                         

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.bpg.2025.101994


2. Solitano V, Hanžel J, Estevinho MM, et al. Reaching the therapeutic ceiling in IBD: can advanced combination treatment (ACT) offer a 
solution? Best Pract Res Clin Gastroenterol. 2025:101981. doi:10.1016/j.bpg.2025.101981.

3. Altieri G, Zilli A, Parigi TL, et al. Dual therapy in inflammatory bowel disease. Biomolecules. 2025;15(2):222. doi:10.3390/biom15020222
4. Atreya R, Neurath MF. Mechanisms of molecular resistance and predictors of response to biological therapy in inflammatory bowel disease. 

Lancet Gastroenterol Hepatol. 2018;3(11):790–802. doi:10.1016/S2468-1253(18)30265-6
5. Honap S, Jairath V, Danese S, Peyrin-Biroulet L. Navigating the complexities of drug development for inflammatory bowel disease. Nat Rev 

Drug Discov. 2024;23(7):546–562. doi:10.1038/s41573-024-00953-0
6. Colombel JF, Sandborn WJ, Reinisch W, et al. Infliximab, azathioprine, or combination therapy for crohn’s disease. N Engl J Med. 2010;362 

(15):1383–1395. doi:10.1056/NEJMoa0904492
7. Feagan BG, Sands BE, Sandborn WJ, et al. Guselkumab plus golimumab combination therapy versus guselkumab or golimumab monotherapy 

in patients with ulcerative colitis (VEGA): a randomised, double-blind, controlled, phase 2, proof-of-concept trial. Lancet Gastroenterol 
Hepatol. 2023;8(4):307–320. doi:10.1016/S2468-1253(22)00427-7

8. Di Rienzo A, Marinelli L, Dimmito MP, Toto EC, Di Stefano A, Cacciatore I. Advancements in inflammatory bowel disease management: from 
traditional treatments to monoclonal antibodies and future drug delivery systems. Pharmaceutics. 2024;16(9):1185. doi:10.3390/ 
pharmaceutics16091185

9. Kim S, Jun YK, Choi Y, et al. Trends and factors related to quality of life in patients with inflammatory bowel disease. Gut Liver. 2025;19 
(2):236–242. doi:10.5009/gnl240172

10. Booth BJ, Ramakrishnan B, Narayan K, et al. Extending human IgG half-life using structure-guided design. mAbs. 2018;10(7):1098–1110. 
doi:10.1080/19420862.2018.1490119

11. McKeage K. Ravulizumab: first global approval. Drugs. 2019;79(3):347–352. doi:10.1007/s40265-019-01068-2
12. Lee JW, Sicre de Fontbrune F, Wong Lee Lee L, et al. Ravulizumab (ALXN1210) vs eculizumab in adult patients with PNH naive to 

complement inhibitors: the 301 study. Blood. 2019;133(6):530–539. doi:10.1182/blood-2018-09-876136
13. Lee CH, Kang TH, Godon O, et al. An engineered human Fc domain that behaves like a pH-toggle switch for ultra-long circulation persistence. 

Nat Commun. 2019;10(1):5031. doi:10.1038/s41467-019-13108-2
14. Lee C, Jeong M, Lee JJ, et al. Glycosylation profile and biological activity of Remicade® compared with Flixabi® and Remsima®. mAbs. 2017;9 

(6):968–977. doi:10.1080/19420862.2017.1337620
15. Liu L. Antibody glycosylation and its impact on the pharmacokinetics and pharmacodynamics of monoclonal antibodies and fc-fusion proteins. 

J Pharm Sci. 2015;104(6):1866–1884. doi:10.1002/jps.24444
16. Borrok MJ, Wu Y, Beyaz N, et al. pH-dependent binding engineering reveals an FcRn affinity threshold that governs igg recycling. J Biol Chem. 

2015;290(7):4282–4290. doi:10.1074/jbc.M114.603712
17. Spyre Therapeutics. Corporate presentation. 2025 May.
18. Nguyen D, Yan L, Hew K, et al. Interim PK data for SPY001, a novel half-life extended monoclonal antibody targeting alpha4beta7, suggest a 

potential for Q3M or Q6M maintenance dosing for inflammatory bowel disease. In: Poster presented at Digestive Diseases Week (DDW); San 
Diego. May 3-6, 2025.

19. Rosario M, Dirks NL, Gastonguay MR, et al. Population pharmacokinetics-pharmacodynamics of vedolizumab in patients with ulcerative colitis 
and Crohn’s disease. Aliment PharmacolTher. 2015;42(2):188–202.

20. Kwan B, Alam M, Milligan J, et al. Development and characterization of SPY003, a novel extended half-life monoclonal antibody drug 
candidate targeting IL-23 for the treatment of IBD. In: Poster presented at United European Gastroenterology Week UEGW; Vienna, AT. 
October 12-14, 2024.

21. de Taeye SW, Schriek AI, Umotoy JC, et al. Afucosylated broadly neutralizing antibodies enhance clearance of HIV-1 infected cells through 
cell-mediated killing. Commun Biol. 2024;7(1):1–11. doi:10.1038/s42003-024-06659-8

22. Marcus R, Davies A, Ando K, et al. Obinutuzumab for the first-line treatment of follicular lymphoma. N Engl J Med. 2017;377(14):1331–1344. 
doi:10.1056/NEJMoa1614598

23. Goede V, Fischer K, Busch R, et al. Obinutuzumab plus chlorambucil in patients with CLL and coexisting conditions. N Engl J Med. 2014;370 
(12):1101–1110. doi:10.1056/NEJMoa1313984

24. Falck D, Thomann M, Lechmann M, et al. Glycoform-resolved pharmacokinetic studies in a rat model employing glycoengineered variants of 
a therapeutic monoclonal antibody. mAbs 2021. 13(1):1865596. doi:10.1080/19420862.2020.1865596

25. Fisusi F, Brandy N, Wu J, Akala EO. Studies on polyethylene glycol-monoclonal antibody conjugates for fabrication of nanoparticles for 
biomedical applications. J Nanosci Nanomedicine. 2020;4(2):1–9.

26. Roberts MJ, Bentley MD, Harris JM. Chemistry for peptide and protein PEGylation. Adv Drug Deliv Rev. 2002;54(4):459–476. doi:10.1016/ 
s0169-409x(02)00022-4

27. Gefen T, Vaya J, Khatib S, et al. The impact of PEGylation on protein immunogenicity. Int Immunopharmacol. 2013;15(2):254–259. 
doi:10.1016/j.intimp.2012.12.012

28. Chapman AP. PEGylated antibodies and antibody fragments for improved therapy: a review. Adv Drug Deliv Rev. 2002;54(4):531–545. 
doi:10.1016/S0169-409X(02)00026-1

29. Goel N, Stephens S. Certolizumab pegol. mAbs. 2010;2(2):137–147. doi:10.4161/mabs.2.2.11271
30. Fishburn CS. The pharmacology of PEGylation: balancing PD with PK to generate novel therapeutics. J Pharm Sci. 2008;97(10):4167–4183. 

doi:10.1002/jps.21278
31. Belén LH, Rangel-Yagui C de O, Beltrán Lissabet JF, et al. From synthesis to characterization of site-selective pegylated proteins. Front 

Pharmacol. 2019:10. doi:10.3389/fphar.2019.01450.
32. Mester S, Evers M, Meyer S, et al. Extended plasma half-life of albumin-binding domain fused human IgA upon pH-dependent albumin 

engagement of human FcRn in vitro and in vivo. mAbs. 2021;13(1):1893888. doi:10.1080/19420862.2021.1893888
33. Thorneloe KS, Sepp A, Zhang S, et al. The biodistribution and clearance of AlbudAb, a novel biopharmaceutical medicine platform, assessed 

via PET imaging in humans. EJNMMI Res. 2019;9(1):45. doi:10.1186/s13550-019-0514-9
34. Keam SJ. Ozoralizumab: first Approval. Drugs. 2023;83(1):87–92. doi:10.1007/s40265-022-01821-0

Clinical and Experimental Gastroenterology 2025:18                                                                           https://doi.org/10.2147/CEG.S521893                                                                                                                                                                                                                                                                                                                                                                                                    245

Colwill et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.bpg.2025.101981
https://doi.org/10.3390/biom15020222
https://doi.org/10.1016/S2468-1253(18)30265-6
https://doi.org/10.1038/s41573-024-00953-0
https://doi.org/10.1056/NEJMoa0904492
https://doi.org/10.1016/S2468-1253(22)00427-7
https://doi.org/10.3390/pharmaceutics16091185
https://doi.org/10.3390/pharmaceutics16091185
https://doi.org/10.5009/gnl240172
https://doi.org/10.1080/19420862.2018.1490119
https://doi.org/10.1007/s40265-019-01068-2
https://doi.org/10.1182/blood-2018-09-876136
https://doi.org/10.1038/s41467-019-13108-2
https://doi.org/10.1080/19420862.2017.1337620
https://doi.org/10.1002/jps.24444
https://doi.org/10.1074/jbc.M114.603712
https://doi.org/10.1038/s42003-024-06659-8
https://doi.org/10.1056/NEJMoa1614598
https://doi.org/10.1056/NEJMoa1313984
https://doi.org/10.1080/19420862.2020.1865596
https://doi.org/10.1016/s0169-409x(02)00022-4
https://doi.org/10.1016/s0169-409x(02)00022-4
https://doi.org/10.1016/j.intimp.2012.12.012
https://doi.org/10.1016/S0169-409X(02)00026-1
https://doi.org/10.4161/mabs.2.2.11271
https://doi.org/10.1002/jps.21278
https://doi.org/10.3389/fphar.2019.01450
https://doi.org/10.1080/19420862.2021.1893888
https://doi.org/10.1186/s13550-019-0514-9
https://doi.org/10.1007/s40265-022-01821-0


35. Tsumoto K, Takeuchi T. Next-generation anti-TNFα agents: the example of ozoralizumab. Biodrugs. 2024;38(3):341–351. doi:10.1007/s40259- 
024-00648-3

36. Tanaka Y, Miyazaki Y, Kawanishi M, Yamasaki H, Takeuchi T. Long-term safety and efficacy of anti-TNF multivalent VHH antibodies 
ozoralizumab in patients with rheumatoid arthritis. RMD Open. 2024;10(3):e004480. doi:10.1136/rmdopen-2024-004480

37. Deyev SM, Oroujeni M, Garousi J, et al. Preclinical evaluation of HER2-targeting DARPin G3: impact of albumin-binding domain (ABD) 
fusion. Int J Mol Sci. 2024;25(8):4246. doi:10.3390/ijms25084246

38. Li T, Zhang HZ, Ge GF, et al. Albumin fusion at the N-terminus or C-terminus of HM-3 leads to improved pharmacokinetics and bioactivities. 
Biomedicines. 2021;9(9):1084. doi:10.3390/biomedicines9091084

39. Goyon A, Excoffier M, Janin-Bussat MC, et al. Determination of isoelectric points and relative charge variants of 23 therapeutic monoclonal 
antibodies. J Chromatogr B. 2017;1065-1066:119–128. doi:10.1016/j.jchromb.2017.09.033

40. Dobson CL, Devine PWA, Phillips JJ, et al. Engineering the surface properties of a human monoclonal antibody prevents self-association and 
rapid clearance in vivo. Sci Rep. 2016;6:38644. doi:10.1038/srep38644

41. Gupta P, Makowski EK, Kumar S, Zhang Y, Scheer JM, Tessier PM. Antibodies with weakly basic isoelectric points minimize trade-offs 
between formulation and physiological colloidal properties. Mol Pharm. 2022;19(3):775–787. doi:10.1021/acs.molpharmaceut.1c00373

42. Zou Z, Ji Y, Schwaneberg U. Empowering site-specific bioconjugations in vitro and in vivo: advances in sortase engineering and 
sortase-mediated ligation. Angew Chem Int Ed. 2024;63(12):e202310910. doi:10.1002/anie.202310910

43. Chen L, Cohen J, Song X, et al. Improved variants of SrtA for site-specific conjugation on antibodies and proteins with high efficiency. Sci Rep. 
2016;6(1):31899. doi:10.1038/srep31899

44. Morgan HE, Turnbull WB, Webb ME. Challenges in the use of sortase and other peptide ligases for site-specific protein modification. Chem Soc 
Rev. 2022;51(10):4121–4145. doi:10.1039/d0cs01148g

45. Tong JTW, Harris PWR, Brimble MA, Kavianinia I. An insight into FDA approved antibody-drug conjugates for cancer therapy. Molecules. 
2021;26(19):5847. doi:10.3390/molecules26195847

46. Ding Y, Ting JP, Liu J, Al-Azzam S, Pandya P, Afshar S. Impact of non-proteinogenic amino acids in the discovery and development of peptide 
therapeutics. Amino Acids. 2020;52(9):1207–1226. doi:10.1007/s00726-020-02890-9

47. Asmani AZA, Zainuddin AFF, Azmi Murad NA, et al. Immunogenicity of monoclonal antibody: causes, consequences, and control strategies. 
Pathol - Res Pract. 2024;263:155627. doi:10.1016/j.prp.2024.155627

48. Riechmann L, Clark M, Waldmann H, Winter G. Reshaping human antibodies for therapy. Nature. 1988;332(6162):323–327. doi:10.1038/ 
332323a0

49. Hwang WYK, Foote J. Immunogenicity of engineered antibodies. Methods San Diego Calif. 2005;36(1):3–10. doi:10.1016/j.ymeth.2005.01.001
50. Vaisman-Mentesh A, Gutierrez-Gonzalez M, DeKosky BJ, Wine Y. The molecular mechanisms that underlie the immune biology of anti-drug 

antibody formation following treatment with monoclonal antibodies. Front Immunol. 2020;11:1951. doi:10.3389/fimmu.2020.01951
51. Jones PT, Dear PH, Foote J, Neuberger MS, Winter G. Replacing the complementarity-determining regions in a human antibody with those 

from a mouse. Nature. 1986;321(6069):522–525. doi:10.1038/321522a0
52. Lu RM, Hwang YC, Liu IJ, et al. Development of therapeutic antibodies for the treatment of diseases. J Biomed Sci. 2020;27(1):1. doi:10.1186/ 

s12929-019-0592-z
53. Pelechas E, Voulgari PV, Drosos AA. Preclinical discovery and development of Adalimumab for the treatment of rheumatoid arthritis. Expert 

Opin Drug Discov. 2021;16(3):227–234. doi:10.1080/17460441.2021.1846516
54. Harding FA, Stickler MM, Razo J, DuBridge RB. The immunogenicity of humanized and fully human antibodies. mAbs. 2010;2(3):256–265. 

doi:10.4161/mabs.2.3.11641
55. Harris CT, Cohen S. Reducing immunogenicity by design: approaches to minimize immunogenicity of monoclonal antibodies. BioDrugs. 

2024;38(2):205–226. doi:10.1007/s40259-023-00641-2
56. Boune S, Hu P, Epstein AL, Khawli LA. Principles of N-linked glycosylation variations of IgG-based therapeutics: pharmacokinetic and 

functional considerations. Antibodies. 2020;9(2):22. doi:10.3390/antib9020022
57. She YM, Dai S, Tam RY. Highly sensitive characterization of non-human glycan structures of monoclonal antibody drugs utilizing tandem mass 

spectrometry. Sci Rep. 2022;12(1):15109. doi:10.1038/s41598-022-19488-8
58. Chung CH, Mirakhur B, Chan E, et al. Cetuximab-induced anaphylaxis and IgE specific for galactose-alpha-1,3-galactose. N Engl J Med. 

2008;358(11):1109–1117. doi:10.1056/NEJMoa074943
59. Orellana CA, Marcellin E, Schulz BL, Nouwens AS, Gray PP, Nielsen LK. High-antibody-producing Chinese hamster ovary cells up-regulate 

intracellular protein transport and glutathione synthesis. J Proteome Res. 2015;14(2):609–618. doi:10.1021/pr501027c
60. Meuris L, Santens F, Elson G, et al. GlycoDelete engineering of mammalian cells simplifies N-glycosylation of recombinant proteins. Nat 

Biotechnol. 2014;32(5):485–489. doi:10.1038/nbt.2885
61. Lalonde ME, Durocher Y. Therapeutic glycoprotein production in mammalian cells. J Biotechnol. 2017;251:128–140. doi:10.1016/j. 

jbiotec.2017.04.028
62. Abuchowski A, van Es T, Palczuk NC, Davis FF. Alteration of immunological properties of bovine serum albumin by covalent attachment of 

polyethylene glycol. J Biol Chem. 1977;252(11):3578–3581.
63. Abuchowski A, McCoy JR, Palczuk NC, van Es T, Davis FF. Effect of covalent attachment of polyethylene glycol on immunogenicity and 

circulating life of bovine liver catalase. J Biol Chem. 1977;252(11):3582–3586.
64. Wilkinson I, Anderson S, Fry J, et al. Fc-engineered antibodies with immune effector functions completely abolished. PLoS One. 2021;16(12): 

e0260954. doi:10.1371/journal.pone.0260954
65. Hale G. Living in LALA land? Forty years of attenuating Fc effector functions. Immunol Rev. 2024;328(1):422–437. doi:10.1111/imr.13379
66. Lundahl MLE, Fogli S, Colavita PE, Scanlan EM. Aggregation of protein therapeutics enhances their immunogenicity: causes and mitigation 

strategies. RSC Chem Biol. 2021;2(4):1004–1020. doi:10.1039/d1cb00067e
67. Rombach-Riegraf V, Karle AC, Wolf B, et al. Aggregation of human recombinant monoclonal antibodies influences the capacity of dendritic 

cells to stimulate adaptive T-cell responses in vitro. PLoS One. 2014;9(1):e86322. doi:10.1371/journal.pone.0086322

https://doi.org/10.2147/CEG.S521893                                                                                                                                                                                                                                                                                                                                                                                                                                    Clinical and Experimental Gastroenterology 2025:18 246

Colwill et al                                                                                                                                                                         

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1007/s40259-024-00648-3
https://doi.org/10.1007/s40259-024-00648-3
https://doi.org/10.1136/rmdopen-2024-004480
https://doi.org/10.3390/ijms25084246
https://doi.org/10.3390/biomedicines9091084
https://doi.org/10.1016/j.jchromb.2017.09.033
https://doi.org/10.1038/srep38644
https://doi.org/10.1021/acs.molpharmaceut.1c00373
https://doi.org/10.1002/anie.202310910
https://doi.org/10.1038/srep31899
https://doi.org/10.1039/d0cs01148g
https://doi.org/10.3390/molecules26195847
https://doi.org/10.1007/s00726-020-02890-9
https://doi.org/10.1016/j.prp.2024.155627
https://doi.org/10.1038/332323a0
https://doi.org/10.1038/332323a0
https://doi.org/10.1016/j.ymeth.2005.01.001
https://doi.org/10.3389/fimmu.2020.01951
https://doi.org/10.1038/321522a0
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1080/17460441.2021.1846516
https://doi.org/10.4161/mabs.2.3.11641
https://doi.org/10.1007/s40259-023-00641-2
https://doi.org/10.3390/antib9020022
https://doi.org/10.1038/s41598-022-19488-8
https://doi.org/10.1056/NEJMoa074943
https://doi.org/10.1021/pr501027c
https://doi.org/10.1038/nbt.2885
https://doi.org/10.1016/j.jbiotec.2017.04.028
https://doi.org/10.1016/j.jbiotec.2017.04.028
https://doi.org/10.1371/journal.pone.0260954
https://doi.org/10.1111/imr.13379
https://doi.org/10.1039/d1cb00067e
https://doi.org/10.1371/journal.pone.0086322


68. Chi EY, Krishnan S, Kendrick BS, Chang BS, Carpenter JF, Randolph TW. Roles of conformational stability and colloidal stability in the 
aggregation of recombinant human granulocyte colony-stimulating factor. Protein Sci Publ Protein Soc. 2003;12(5):903–913. doi:10.1110/ 
ps.0235703

69. Kendrick BS, Carpenter JF, Cleland JL, Randolph TW. A transient expansion of the native state precedes aggregation of recombinant human 
interferon-gamma. Proc Natl Acad Sci U S A. 1998;95(24):14142–14146. doi:10.1073/pnas.95.24.14142

70. Arsiccio A, Giorsello P, Marenco L, Pisano R. Considerations on protein stability during freezing and its impact on the freeze-drying cycle: 
a design space approach. J Pharm Sci. 2020;109(1):464–475. doi:10.1016/j.xphs.2019.10.022

71. Palm T, Esfandiary R, Gandhi R. The effect of PEGylation on the stability of small therapeutic proteins. Pharm Dev Technol. 2011;16 
(5):441–448. doi:10.3109/10837450.2010.535830

72. Solá RJ, Al-Azzam W, Griebenow K. Engineering of protein thermodynamic, kinetic, and colloidal stability: chemical Glycosylation with 
monofunctionally activated glycans. Biotechnol Bioeng. 2006;94(6):1072–1079. doi:10.1002/bit.20933

73. Reslan M, Sifniotis V, Cruz E, Sumer-Bayraktar Z, Cordwell S, Kayser V. Enhancing the stability of Adalimumab by engineering additional 
glycosylation motifs. Int J Biol Macromol. 2020;158:189–196. doi:10.1016/j.ijbiomac.2020.04.147

74. van Beers MMC, Bardor M. Minimizing immunogenicity of biopharmaceuticals by controlling critical quality attributes of proteins. Biotechnol 
J. 2012;7(12):1473–1484. doi:10.1002/biot.201200065

75. Jones M, Palackal N, Wang F, et al. “High-risk” host cell proteins (HCPs): a multi-company collaborative view. Biotechnol Bioeng. 2021;118 
(8):2870–2885. doi:10.1002/bit.27808

76. Fischer SK, Cheu M, Peng K, et al. Specific immune response to phospholipase B-Like 2 Protein, a host cell impurity in lebrikizumab clinical 
material. AAPS J. 2017;19(1):254–263. doi:10.1208/s12248-016-9998-7

77. Tuameh A, Harding SE, Darton NJ. Methods for addressing host cell protein impurities in biopharmaceutical product development. Biotechnol 
J. 2023;18(3):e2200115. doi:10.1002/biot.202200115

78. Zheng J, Wang L, Twarowska B, et al. Caprylic acid-induced impurity precipitation from protein A capture column elution pool to enable a 
two-chromatography-step process for monoclonal antibody purification. Biotechnol Prog. 2015;31(6):1515–1525. doi:10.1002/btpr.2154

79. Ishihara T, Miyahara M, Yamada T, Yamamoto K. Innovative next-generation monoclonal antibody purification using activated carbon: 
a challenge for flow-through and column-free processes. J Chromatogr B Analyt Technol Biomed Life Sci. 2019;1121:72–81. doi:10.1016/j. 
jchromb.2019.05.009

80. Zeunik R, Ryuzoji AF, Peariso A, et al. Investigation of immune responses to oxidation, deamidation, and isomerization in therapeutic 
antibodies using preclinical immunogenicity risk assessment assays. J Pharm Sci. 2022;111(8):2217–2229. doi:10.1016/j.xphs.2022.05.005

81. Weber CA, Mehta PJ, Ardito M, Moise L, Martin B, De Groot AS. T cell epitope: friend or foe? Immunogenicity of biologics in context. Adv 
Drug Deliv Rev. 2009;61(11):965–976. doi:10.1016/j.addr.2009.07.001

82. Chirino AJ, Ary ML, Marshall SA. Minimizing the immunogenicity of protein therapeutics. Drug Discov Today. 2004;9(2):82–90. doi:10.1016/ 
S1359-6446(03)02953-2

83. Kim J, McFee M, Fang Q, Abdin O, Kim PM. Computational and artificial intelligence-based methods for antibody development. Trends 
Pharmacol Sci. 2023;44(3):175–189. doi:10.1016/j.tips.2022.12.005

84. Dhanda SK, Mahajan S, Paul S, et al. IEDB-AR: immune epitope database-analysis resource in 2019. Nucleic Acids Res. 2019;47(W1):W502– 
W506. doi:10.1093/nar/gkz452

85. Reynisson B, Alvarez B, Paul S, Peters B, Nielsen M. NetMHCpan-4.1 and NetMHCIIpan-4.0: improved predictions of MHC antigen 
presentation by concurrent motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids Res. 2020;48(W1):W449– 
W454. doi:10.1093/nar/gkaa379

86. Dahotre S, Dai L, Kjenstad K, Stella C, Camperi J. Real-time monitoring of antibody quality attributes for cell culture production processes in 
bioreactors via integration of an automated sampling technology with multi-dimensional liquid chromatography mass spectrometry. 
J Chromatogr A. 2022;1672:463067. doi:10.1016/j.chroma.2022.463067

87. de Souza HSP, Fiocchi C. Immunopathogenesis of IBD: current state of the art. Nat Rev Gastroenterol Hepatol. 2016;13(1):13–27. doi:10.1038/ 
nrgastro.2015.186

88. Friedrich M, Pohin M, Powrie F. Cytokine networks in the pathophysiology of inflammatory bowel disease. Immunity. 2019;50(4):992–1006. 
doi:10.1016/j.immuni.2019.03.017

89. Vebr M, Pomahačová R, Sýkora J, Schwarz J. A narrative review of cytokine networks: pathophysiological and therapeutic implications for 
inflammatory bowel disease pathogenesis. Biomedicines. 2023;11(12):3229. doi:10.3390/biomedicines11123229

90. Colombel JF, Ungaro RC, Sands BE, et al. Vedolizumab, adalimumab, and methotrexate combination therapy in crohn’s disease (EXPLORER). 
Clin Gastroenterol Hepatol Off Clin Pract J Am Gastroenterol Assoc. 2024;22(7):1487–1496.e12. doi:10.1016/j.cgh.2023.09.010

91. Danese S, Solitano V, Jairath V, Peyrin-Biroulet L. The future of drug development for inflammatory bowel disease: the need to ACT (advanced 
combination treatment). Gut. 2022;71(12):2380–2387. doi:10.1136/gutjnl-2022-327025

92. Ma J, Mo Y, Tang M, et al. Bispecific antibodies: from research to clinical application. Front Immunol. 2021;12:626616. doi:10.3389/ 
fimmu.2021.626616

93. Garber K. Bispecific antibodies rise again. Nat Rev Drug Discov. 2014;13(11):799–801. doi:10.1038/nrd4478
94. Goswami S, Wang W, Arakawa T, Ohtake S. Developments and challenges for mAb-based therapeutics. Antibodies. 2013;2(3):452–500. 

doi:10.3390/antib2030452
95. Peyrin-Biroulet L, Demarest S, Nirula A. Bispecific antibodies: the next generation of targeted inflammatory bowel disease therapies. 

Autoimmun Rev. 2019;18(2):123–128. doi:10.1016/j.autrev.2018.07.014
96. Kontermann RE, Brinkmann U. Bispecific antibodies. Drug Discov Today. 2015;20(7):838–847. doi:10.1016/j.drudis.2015.02.008
97. Kantarjian H, Stein A, Gökbuget N, et al. Blinatumomab versus chemotherapy for advanced acute lymphoblastic leukemia. N Engl J Med. 

2017;376(9):836–847. doi:10.1056/NEJMoa1609783
98. Burt R, Warcel D, Fielding AK. Blinatumomab, a bispecific B-cell and T-cell engaging antibody, in the treatment of B-cell malignancies. Hum 

Vaccines Immunother. 2018;15(3):594–602. doi:10.1080/21645515.2018.1540828
99. Brinkmann U, Kontermann RE. The making of bispecific antibodies. mAbs. 2017;9(2):182–212. doi:10.1080/19420862.2016.1268307

Clinical and Experimental Gastroenterology 2025:18                                                                           https://doi.org/10.2147/CEG.S521893                                                                                                                                                                                                                                                                                                                                                                                                    247

Colwill et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1110/ps.0235703
https://doi.org/10.1110/ps.0235703
https://doi.org/10.1073/pnas.95.24.14142
https://doi.org/10.1016/j.xphs.2019.10.022
https://doi.org/10.3109/10837450.2010.535830
https://doi.org/10.1002/bit.20933
https://doi.org/10.1016/j.ijbiomac.2020.04.147
https://doi.org/10.1002/biot.201200065
https://doi.org/10.1002/bit.27808
https://doi.org/10.1208/s12248-016-9998-7
https://doi.org/10.1002/biot.202200115
https://doi.org/10.1002/btpr.2154
https://doi.org/10.1016/j.jchromb.2019.05.009
https://doi.org/10.1016/j.jchromb.2019.05.009
https://doi.org/10.1016/j.xphs.2022.05.005
https://doi.org/10.1016/j.addr.2009.07.001
https://doi.org/10.1016/S1359-6446(03)02953-2
https://doi.org/10.1016/S1359-6446(03)02953-2
https://doi.org/10.1016/j.tips.2022.12.005
https://doi.org/10.1093/nar/gkz452
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1016/j.chroma.2022.463067
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1016/j.immuni.2019.03.017
https://doi.org/10.3390/biomedicines11123229
https://doi.org/10.1016/j.cgh.2023.09.010
https://doi.org/10.1136/gutjnl-2022-327025
https://doi.org/10.3389/fimmu.2021.626616
https://doi.org/10.3389/fimmu.2021.626616
https://doi.org/10.1038/nrd4478
https://doi.org/10.3390/antib2030452
https://doi.org/10.1016/j.autrev.2018.07.014
https://doi.org/10.1016/j.drudis.2015.02.008
https://doi.org/10.1056/NEJMoa1609783
https://doi.org/10.1080/21645515.2018.1540828
https://doi.org/10.1080/19420862.2016.1268307


100. Labrijn AF, Janmaat ML, Reichert JM, Pwhi P. Bispecific antibodies: a mechanistic review of the pipeline. Nat Rev Drug Discov. 2019;18 
(8):585–608. doi:10.1038/s41573-019-0028-1

101. Schmitt H, Billmeier U, Dieterich W, et al. Expansion of IL-23 receptor bearing TNFR2+ T cells is associated with molecular resistance to anti- 
TNF therapy in Crohn’s disease. Gut. 2019;68(5):814–828. doi:10.1136/gutjnl-2017-315671

102. Roberts KJ, Cubitt MF, Carlton TM, et al. Preclinical development of a bispecific TNFα/IL-23 neutralising domain antibody as a novel oral 
treatment for inflammatory bowel disease. Sci Rep. 2021;11(1):19422. doi:10.1038/s41598-021-97236-0

103. Jairath V, Danese S, D’Haens G, et al. OP31 Phase 1b study of SOR102, a novel, orally delivered bispecific anti-TNF/anti-IL-23 domain 
antibody in patients with mild to severe ulcerative colitis. J Crohns Colitis. 2025;19(Supplement_1):i62–i63. doi:10.1093/ecco-jcc/jjae190.0031

104. Aiba Y, Nakamura M. The role of TL1A and DR3 in autoimmune and inflammatory diseases. Mediators Inflamm. 2013;2013:258164. 
doi:10.1155/2013/258164

105. Solitano V, Jairath V, Ungaro F, Peyrin-Biroulet L, Danese S. TL1A inhibition for inflammatory bowel disease treatment: from inflammation to 
fibrosis. Med. 2024;5(5):386–400. doi:10.1016/j.medj.2024.03.010

106. Solitano V, Estevinho MM, Ungaro F, Magro F, Danese S, Jairath V. TL1A inhibition in inflammatory bowel disease: a pipeline review. 
BioDrugs Clin Immunother Biopharm Gene Ther. 2025;39(2):171–183. doi:10.1007/s40259-025-00706-4

107. Bamias G, Martin C, Marini M, et al. Expression, localization, and functional activity of TL1A, a novel Th1-polarizing cytokine in 
inflammatory bowel disease. J Immunol Baltim Md 1950. 2003;171(9):4868–4874. doi:10.4049/jimmunol.171.9.4868

108. Kamada N, Hisamatsu T, Honda H, et al. TL1A produced by lamina propria macrophages induces Th1 and Th17 immune responses in 
cooperation with IL-23 in patients with Crohn’s disease. Inflamm Bowel Dis. 2010;16(4):568–575. doi:10.1002/ibd.21124

109. Huang J, Ran H, Zhang X, et al. P1114 engineering and development of a novel bispecific antibody targeting IL-23 and TL1A. J Crohns Colitis. 
2025;19(Supplement_1):i2046. doi:10.1093/ecco-jcc/jjae190.1288

110. Ran H, Huang J, Zhang X, et al. P0848 engineering and development of a novel bispecific antibody targeting both TL1A and α4β7 for the 
treatment of IBD. J Crohns Colitis. 2025;19(Supplement_1):i1618. doi:10.1093/ecco-jcc/jjae190.1022

111. Siegel M, Friedman J, Nguyen D, et al. P0789 Combined inhibition of TL1A and integrin β7 is superior to either monotherapy in mouse models 
of colitis and coadministration of SPY001 and SPY002 demonstrates no drug-drug effects on exposure in non-human primates. J Crohns 
Colitis. 2025;19(Supplement_1):i1518. doi:10.1093/ecco-jcc/jjae190.0963

112. Ogura H, Murakami M, Okuyama Y, et al. Interleukin-17 promotes autoimmunity by triggering a positive-feedback loop via interleukin-6 
induction. Immunity. 2008;29(4):628–636. doi:10.1016/j.immuni.2008.07.018

113. Sharp M, Dohme LLC. A Phase 1b, Randomized, Adaptive, Double-Blind, Placebo-Controlled, Multicenter Study to Investigate the Safety, 
Tolerability, Pharmacokinetics, and Pharmacodynamics of Multiple Doses of PT101 in Subjects With Active Ulcerative Colitis. clinicaltrials. 
gov; 2025. Available from: https://clinicaltrials.gov/study/NCT04924114. Accessed June 5, 2025.

114. Yin Q, Pi X, Jiang Y, et al. An immuno-blocking agent targeting IL-1β and IL-17A reduces the lesion of DSS-induced ulcerative colitis in mice. 
Inflammation. 2021;44(5):1724–1736. doi:10.1007/s10753-021-01449-4

115. Mease PJ, Genovese MC, Weinblatt ME, et al. Phase II study of ABT-122, a tumor necrosis factor- and interleukin-17A-targeted dual variable 
domain immunoglobulin, in patients with psoriatic arthritis with an inadequate response to methotrexate. Arthritis Rheumatol Hoboken NJ. 
2018;70(11):1778–1789. doi:10.1002/art.40579

116. McShane C, Varley R, Fennessy A, et al. Effectiveness, safety, and cost of combination advanced therapies in inflammatory bowel disease. Dig 
Liver Dis. 2025;57(1):274–281. doi:10.1016/j.dld.2024.08.055

117. Goessens L, Colombel JF, Outtier A, et al. Safety and efficacy of combining biologics or small molecules for inflammatory bowel disease or 
immune-mediated inflammatory diseases: a European retrospective observational study. United Eur Gastroenterol J. 2021;9(10):1136–1147. 
doi:10.1002/ueg2.12170

118. Britto J, Mian H, Davies GA, Balitsky AK. Bispecific antibody toxicities. CMAJ Can Med Assoc J. 2025;197(7):E190. doi:10.1503/cmaj.241384
119. Crombie JL, Graff T, Falchi L, et al. Consensus recommendations on the management of toxicity associated with CD3×CD20 bispecific 

antibody therapy. Blood. 2024;143(16):1565–1575. doi:10.1182/blood.2023022432
120. Lee DW, Santomasso BD, Locke FL, et al. ASTCT consensus grading for cytokine release syndrome and neurologic toxicity associated with 

immune effector cells. Biol Blood Marrow Transplant J Am Soc Blood Marrow Transplant. 2019;25(4):625–638. doi:10.1016/j. 
bbmt.2018.12.758

121. Danese S, Peyrin-Biroulet L. Selective tyrosine kinase 2 inhibition for treatment of inflammatory bowel disease: new hope on the rise. Inflamm 
Bowel Dis. 2021;27(12):2023–2030. doi:10.1093/ibd/izab135

122. Cui X, Teng Y, Hu Y, Li Q, Pei H, Yang Z. Therapeutic potential of a synthetic dual JAK1/TYK2 inhibitor in inflammatory bowel disease. 
Int Immunopharmacol. 2024;126:111238. doi:10.1016/j.intimp.2023.111238

123. Sandborn WJ, Danese S, Leszczyszyn J, et al. Oral ritlecitinib and brepocitinib for moderate-to-severe ulcerative colitis: results from 
a randomized, phase 2b study. Clin Gastroenterol Hepatol Off Clin Pract J Am Gastroenterol Assoc. 2023;21(10):2616–2628.e7. 
doi:10.1016/j.cgh.2022.12.029

124. Krieg D, Winter G, Svilenov HL. It is Never Too Late for a Cocktail - Development and Analytical Characterization of Fixed-dose Antibody 
Combinations. J Pharm Sci. 2022;111(8):2149–2157. doi:10.1016/j.xphs.2022.05.014

125. Chauhan VM, Zhang H, Dalby PA, Aylott JW. Advancements in the co-formulation of biologic therapeutics. J Controlled Release. 
2020;327:397–405. doi:10.1016/j.jconrel.2020.08.013

126. Feig VR, Zhang S, Patel A, et al. Designing for medication adherence in inflammatory bowel disease: multi-disciplinary approaches for 
self-administrable biotherapeutics. eClinicalMedicine. 2024:77. doi:10.1016/j.eclinm.2024.102850.

127. Kim J, Kim YJ, Cao M, et al. Analytical characterization of coformulated antibodies as combination therapy. mAbs. 2020;12(1):1738691. 
doi:10.1080/19420862.2020.1738691

128. Krieg D, Svilenov H, Gitter JH, Winter G. Overcoming challenges in co-formulation of proteins with contradicting stability profiles - EPO plus 
G-CSF. Eur J Pharm Sci off J Eur Fed Pharm Sci. 2020;141:105073. doi:10.1016/j.ejps.2019.105073

129. Yadav J, Uddin S, Civati F, et al. Developing ultra-high concentration formulations of human immune globulins for subcutaneous injectables. 
J Pharm Sci. 2025;114(3):1605–1614. doi:10.1016/j.xphs.2025.01.028

https://doi.org/10.2147/CEG.S521893                                                                                                                                                                                                                                                                                                                                                                                                                                    Clinical and Experimental Gastroenterology 2025:18 248

Colwill et al                                                                                                                                                                         

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41573-019-0028-1
https://doi.org/10.1136/gutjnl-2017-315671
https://doi.org/10.1038/s41598-021-97236-0
https://doi.org/10.1093/ecco-jcc/jjae190.0031
https://doi.org/10.1155/2013/258164
https://doi.org/10.1016/j.medj.2024.03.010
https://doi.org/10.1007/s40259-025-00706-4
https://doi.org/10.4049/jimmunol.171.9.4868
https://doi.org/10.1002/ibd.21124
https://doi.org/10.1093/ecco-jcc/jjae190.1288
https://doi.org/10.1093/ecco-jcc/jjae190.1022
https://doi.org/10.1093/ecco-jcc/jjae190.0963
https://doi.org/10.1016/j.immuni.2008.07.018
https://clinicaltrials.gov/study/NCT04924114
https://doi.org/10.1007/s10753-021-01449-4
https://doi.org/10.1002/art.40579
https://doi.org/10.1016/j.dld.2024.08.055
https://doi.org/10.1002/ueg2.12170
https://doi.org/10.1503/cmaj.241384
https://doi.org/10.1182/blood.2023022432
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1093/ibd/izab135
https://doi.org/10.1016/j.intimp.2023.111238
https://doi.org/10.1016/j.cgh.2022.12.029
https://doi.org/10.1016/j.xphs.2022.05.014
https://doi.org/10.1016/j.jconrel.2020.08.013
https://doi.org/10.1016/j.eclinm.2024.102850
https://doi.org/10.1080/19420862.2020.1738691
https://doi.org/10.1016/j.ejps.2019.105073
https://doi.org/10.1016/j.xphs.2025.01.028


130. Tan AR, Im SA, Mattar A, et al. Fixed-dose combination of pertuzumab and trastuzumab for subcutaneous injection plus chemotherapy in 
HER2-positive early breast cancer (FeDeriCa): a randomised, open-label, multicentre, non-inferiority, Phase 3 study. Lancet Oncol. 2021;22 
(1):85–97. doi:10.1016/S1470-2045(20)30536-2

131. Tsao LC, Crosby EJ, Trotter TN, et al. Trastuzumab/pertuzumab combination therapy stimulates antitumor responses through 
complement-dependent cytotoxicity and phagocytosis. JCI Insight. 2022;7(6):e155636. doi:10.1172/jci.insight.155636

132. Tawbi HA, Schadendorf D, Lipson EJ, et al. Relatlimab and nivolumab versus nivolumab in untreated advanced melanoma. N Engl J Med. 
2022;386(1):24–34. doi:10.1056/NEJMoa2109970

133. Centanni L, Cicerone C, Fanizzi F, et al. Advancing therapeutic targets in IBD: emerging goals and precision medicine approaches. 
Pharmaceuticals. 2025;18(1):78. doi:10.3390/ph18010078

Clinical and Experimental Gastroenterology                                                                               

Publish your work in this journal 
Clinical and Experimental Gastroenterology is an international, peer-reviewed, open access, online journal publishing original research, reports, 
editorials, reviews and commentaries on all aspects of gastroenterology in the clinic and laboratory. This journal is indexed on American Chemical 
Society’s Chemical Abstracts Service (CAS). The manuscript management system is completely online and includes a very quick and fair 
peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/clinical-and-experimental-gastroenterology-journal

Clinical and Experimental Gastroenterology 2025:18                                                                                  249

Colwill et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/S1470-2045(20)30536-2
https://doi.org/10.1172/jci.insight.155636
https://doi.org/10.1056/NEJMoa2109970
https://doi.org/10.3390/ph18010078
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Improving Pharmacokinetics
	Modifying the Fc Region
	Polyethylene Glycol Conjugation
	Albumin Fusion
	Engineering the Antibody Structure

	Reducing Immunogenicity
	Humanization of Antibodies
	Post Translation Modification
	Fc Engineering and Aggregation Prevention
	Optimizing the Manufacturing Process

	Dual Cytokine Targeting: Synergistic Modulation
	Bispecific Antibodies
	Co-Formulation

	Conclusions
	Abbreviations
	Consent for Publication
	Author Contributions
	Funding
	Disclosure

